Residential wood burning can be a significant wintertime source of ambient fine particles in urban and suburban areas. We developed a statistical model to predict minute (min) levels of particles with median diameter of o1 mm (PM1) from mobile monitoring on evenings of winter weekends at different residential locations in Quebec, Canada, considering wood burning emissions. The 6 s PM1 levels were concurrently measured on 10 preselected routes travelled 3 to 24 times during the winters of 2008--2009 and 2009--2010 by vehicles equipped with a GRIMM or a dataRAM sampler and a Global Positioning System device. Route-specific and global land-use regression (LUR) models were developed using the following spatial and temporal covariates to predict 1-min-averaged PM1 levels: chimney density from property assessment data at sampling locations, PM2.5 ''regional background'' levels of particles with median diameter of o2.5 mm (PM2.5) and temperature and wind speed at hour of sampling, elevation at sampling locations and day of the week. In the various routes travelled, between 49% and 94% of the variability in PM1 levels was explained by the selected covariates. The effect of chimney density was not negligible in ''cottage areas.'' The R 2 for the global model including all routes was 0.40. This LUR is the first to predict PM1 levels in both space and time with consideration of the effects of wood burning emissions. We show that the influence of chimney density, a proxy for wood burning emissions, varies by regions and that a global model cannot be used to predict PM in regions that were not measured. Future work should consider using both survey data on wood burning intensity and information from numerical air quality forecast models, in LUR models, to improve the generalisation of the prediction of fine particulate levels.
INTRODUCTION
Studies have shown that the concentration of fine particles in outdoor ambient air can be high in urban and suburban areas with high winter wood burning activity, under certain climatic conditions. 1, 2 Wood burning emissions can be a significant wintertime source of fine particles (see, e.g., Polissar et al. 3 ) and are highest in the evenings of winter, and mostly during the weekends. 1 Studies also suggest that in epidemiologic studies of associations between health outcomes and outdoor fine particles, much of the exposure to outdoor particles can occur inside the home (see, e.g., Allen et al. 4 ). Wood smoke particles are generally o1 mm, with a peak in the size distribution between 0.15 and 0.40 mm; 5, 6 they can reach the deepest parts of the respiratory tract. Exposure to wood smoke particles has been associated with acute respiratory effects, including increases in respiratory symptoms, decrease in respiratory functions, emergency room visits and hospitalisations. 7 Nonetheless, the impact of wood burning emissions on air quality and health is not well documented. Approaches to locate residential areas affected by wood burning emissions to assess the occurrence of air pollution episodes associated with wood burning emissions and to estimate the health risks attributable to exposure to wood burning emissions are needed.
Models have been developed to map regions with high particulate levels associated with wood burning emissions. In these models, adjustments were made for variations between evenings (see, e.g., Larson et al. 2 ). Here, we developed a model to estimate weekend evening minute (min) levels of particles with median diameter of o1 mg/m 3 (PM1) measured (mobile sampling) in different locations in the province of Quebec, Canada, with consideration given to wood burning emissions. Our model's predictions of particulate levels (that considers chimney density as a proxy for wood burning emissions) differs from others in that we aimed to develop a statistical model to estimate particulate levels in residential locations at different times and under various meteorological conditions.
METHODS

Mobile Monitoring of PM1
Mobile monitoring of PM1 was performed on 10 different routes of B30 km delineated in various residential regions of the province of Quebec. We measured PM1 as wood smoke particles are generally o1 mm. 5, 6 Table 1 describes the areas surveyed. The routes travelled included both high and low wood burning emission intensity areas (see below for information on how wood burning emission intensity was estimated) in order to maximise spatial variability in fine particulate levels. Two of the routes travelled (SaintSauveur and Magog, routes 1 and 9) were regions high in cottage density. Some of the Montreal, Quebec and Laval routes are urban residential areas where wood burning has been documented to influence air quality under certain climatic conditions. Figure 1 presents the locations of the 10 routes travelled. These routes covered some of the most populated municipalities of Quebec. Based on Census data, the municipalities of the regions surveyed included 440% of the population of Quebec, and buffers of 5 km around the routes included B30% of Quebec's residents.
Routes were travelled at a maximum speed of 30 km/h, between 1800 h and 0100 h, on weekend nights (Fridays, Saturdays and Sundays) for February 2009 and December to February 2009--2010. During the six nights sampled in February 2009, five routes of the Greater Montreal region were sampled (routes 2--6) with a dataRAM sampler attached to the roof of a car. From December 2009 to February 2010, sampling was performed on all weekend nights (n ¼ 36 nights) with two cars equipped on their opening roofs with GRIMM samplers. Sampling with GRIMMs was done on two of the five routes of the Greater Montreal, and on five more routes across the province of Quebec. Over the 42 sampling nights, the 10 routes were sampled 155 times (from 14 to 24 times with GRIMM samplers and from 3 to 4 times with the dataRAM). The routes sampled on each night were determined based on an imperfect Latin Square design and, except for the six nights of January and February 2009, they were travelled twice each night. In January and February 2009, three routes were travelled each night (sometimes the same route was travelled twice). Measurements were recorded every 6 s and averaged to min levels. Cars were equipped with global positioning system (GPS) devices to geographically locate all measurement points; the central point of the 6 s measurements within each min was used as the location of the min-averaged measures. Negative values were measured with the dataRAM; levels were negative because of zeroing at higher levels.
Covariates of the Land-Use Regression (LUR) Model
The following covariates were used as predictors of measured PM1 levels in the main analyses: chimney density at sampling locations, PM2.5 (particles with median diameter of o2.5 mm) ''regional background'' levels and temperature and wind speed at hour of sampling, elevation at sampling locations and day of the week. Analyses were also performed with the addition of information on population characteristics from the Census at sampling locations and on km of major roads in a buffer of 1 km around each sampling point.
We used density of residential chimneys per km 2 as a proxy for wood burning emission intensity. In secondary analyses we also used chimney density calculated at other scales (2, 5 and 10 km 2 ). Information on chimneys was obtained from property assessment data. The property assessment data were obtained from all the different municipalities where mobile monitoring took place. All data obtained corresponded to the most recent year available in the fall 2009, which is 2008. We could not calculate chimney densities in different buffers as we were constrained by the fact that data for some of the municipalities were released to us at a scale of 1 km 2 . Although previous attempts to spatially allocate wood smoke emissions have mainly focussed on the use of telephone surveys of wood stove use, 8 the use of property assessment data has also been proposed to enhance wood smoke exposure estimates by mapping fireplace locations (Setton et al. 9 ). Hourly PM2.5 ''regional background'' was used as an indication of the temporal variation in PM1 levels in the sampling regions associated with ''regional'' sources of PM1, not influenced by local sources like transport and wood burning. PM2.5 ''regional background'' levels were obtained from measurements at fixed monitoring stations of the National Air Pollution Surveillance network (NAPS, http://www.ec.gc.ca/rnspa-naps/) in the area of the routes, not influenced by local sources like wood burning (see Figure 1 for their location). The influence of wood burning emissions at fixed monitoring stations was deduced from principal component analyses using hourly variations in PM2.5 levels (data not shown). PM2.5 levels in areas influenced by wood burning are characteristically high on winter evenings. NAPS stations are equipped with BAM samplers except for the Greater Montreal region, where the NAPS network is equipped with TEOM-FDMS (tapered element oscillating microbalance-filter dynamics measurement system). Sampling points were on average 7.2 km away from a NAPS station; points on route 1 (Saint-Sauveur) were the farthest from a PM2.5 monitoring station (average of 28 km). We did use NAPS stations to represent the spatial variation of wood smoke as too few stations capture the influence of wood burning in Quebec. Instead, we used chimney density covering the territory of all municipalities of Quebec to represent the spatial variation of wood smoke in our LUR model. Ideally, PM1 ''regional background'' levels would have been input into our model but PM1 levels are not measured at fixed monitoring sites of the NAPS in Quebec. Given that PM1 and PM2.5 are highly correlated (r ¼ 0.88, Po0.001; PM2.5 data from GRIMM sampling not shown), PM2.5 ''regional background'' levels were deemed appropriate estimates of the influence of remote sources of PM1 in our sampling areas.
Temperature and wind speed information were used as indicators of air stability. It was expected that low temperatures and wind speed would be associated with higher fine particulate levels. Hourly temperature and wind speed were taken from the National Climate Data and Information Archive (http://www.climate.weatheroffice.gc.ca/). For each sampling point, we selected the nearest weather station and used wind and temperature data from the hour the point was sampled at. If no hourly data were available for that station, we selected the next closest station and up to a maximum of three stations. The locations of the meteorological stations used are presented in Figure 1 .
Elevation at each sampling point was taken from the 30 m DMTI digital elevation model (DEM) data. It was assumed that polluted air would be more likely trapped in areas where hills, and thus higher elevation, were present. In secondary analyses, we also used the compound topographic index for grids of 900 and 2400 m, as described in Larson et al. 2 Kilometres of major roads in buffers of 1 km around each sampling points were estimated using the categories ''highways, freeways and major roads'' from the DMTI CanMap street files.
The following population characteristics were extracted from the Canadian census for dissemination areas, the smallest geographic units for which these data are available: mean income, percent of low income, population and dwelling densities and percent of immigrants.
Statistical Analyses and Validation of LUR Model
The min PM1 measurements were log-transformed because of their skewed distribution. The min levels were predicted in linear regression Sherbrooke Small city, residential area models first with the PM2.5 ''regional background'' levels or with chimney density and then for the two variables together. Our final LUR models included all the other covariates presented above. Because of the presence of negative PM1 values and given that PM1 data were log-transformed, all analyses were performed using shifted PM1 data. The linearity of the relations was verified graphically. We performed a series of sensitivity analyses: (1) we tested the influence of the equipment used for sampling (dataRAM or GRIMM) with dummy variables; (2) we developed the models using only the measurements taken after 2100 h, when the on-road traffic emission influence would be minimal; (3) we developed the models only using hours with winds o10 km/h; (4) we assessed the influence of chimney density computed at different scales (1, 2, 5 and 10 km 2 ); and (5) we added a number of variables on population characteristics from the 2006 census and on the km of roads around each sampling points. We also assessed the effect of averaging the min PM1 data to the hour. Finally, we looked at the interaction between chimney density and temperature or wind speed by multiplying the various variables. The effects of interactions were tested with an a of 0.05. The precision of the estimations was studied using prediction errors (root mean square error (RMSE)). The effect size of the various covariates was calculated as follows: e beta ðmaximum covariate levelÞ Àe beta ðminimum covariate levelÞ
To adjust for potential overfitting of the data, a correction of R 2 for optimism was estimated with bootstrap samples. R 2 corrected for optimism were identical to non-corrected estimates. As such, uncorrected R 2 are presented. All analyses were performed using the R software package (version 2.11.1). Figure 1 . Location of the routes travelled for mobile measurements of fine particulate levels (PM1) with GRIMM samplers. Insert in (a) locates the main areas surveyed; insert in (b) locates the routes, the chimney density and the fixed sites for fine particulate measurements (PM2.5) and the meteorological stations.
RESULTS
The min-averaged sampling of PM1 took place at 12,396 sampling points on winter nights of 2009 and 2010 along the 10 different routes of Quebec. The description of the mobile monitoring periods, of the characteristic of sampling locations and PM1 levels measured on the different routes are presented in Table 2 .
Sampling took place at 2000 h on average, on a relatively equal frequency of Fridays, Saturdays and Sundays. On measurement nights, the average temperature was À6.7 1C (SD 6.2 1C) with a range of À22.3 1C to 12.1 1C; the wind speed ranged from 0 to 41 km/h. The winter of 2009--2010, during which most measurements were taken, was exceptionally warm: evening temperatures recorded during the sampling period were higher than the daily climate normals for the regions visited, which stand between À81C and 111C.
The terrain surveyed was relatively flat (highest point with elevation of B400 m), with small hills in some regions of SaintSauveur, Sherbrooke and Magog (routes 1, 9 and 10). The routes passed through regions of varied residential building and chimney densities. They were usually at least 200 m from a highway or an industrial sector. Although we attempt to avoid major roads and highways, some sampling points were taken on major roads as we needed to cross them to continue following our sampling routes. Median chimney density ranged from 121 to 412 chimneys per km 2 . It was highest along one of the Montreal and Quebec's tracks (routes 4 and 8, respectively) and in Laval (route 2) but other sampling points (e.g., Sherbrooke and of the South Shore of Montreal, routes 10 and 6, respectively) crossed areas with high chimney densities (i.e., 4600 chimneys per km 2 ). PM2.5 background levels measured at the NAPS stations were relatively low, with median levels of B5 mg/m 3 , with the exception of the two routes of the Quebec City region (routes 7 and 8, median PM2.5 levels of 12 mg/m 3 ), and one of the Montreal's route (route 3, median PM2.5 levels of 19 mg/m 3 ). High PM2.5 background levels, measured during the sampling nights on this Montreal route 3, occurred during exceptionally high night temperatures for this time of year (average temperature: À0.9 1C). High background PM2.5 levels measured at the Quebec City NAPS station may be associated with local air pollution emission sources (i.e., on-road).
Highest median PM1 min levels were measured in the Montreal and Quebec routes (routes 3 to 5 and 7 and 8). However, maximum min PM1 levels were recorded in Montreal (route 3) and SaintSauveur (route 1, ''cottage area''). On one of the Montreal's route (route 4), median PM1 levels was zero; the range of PM1 levels included negative values for this and other regions. Table 3 presents the results of the prediction of PM1 levels with the PM2.5 background levels (model 1), with the chimney density (model 2), with both the PM2.5 background levels and the density of chimneys (model 3) and with the addition of the other predictors (meteorological information, day of week and elevation; model 4). PM1 levels were predicted for all regions together in a global model and separately for each region. The influences of the PM2.5 background levels and of the density of chimneys varied by region. On some Montreal and Quebec City routes (routes 3, 4 and 8), the PM2.5 background levels explained as much as 70% of the variability in PM1 levels. The effect size range of the regional PM2.5 background levels corresponds to B3.42--4.44 mg/m 3 in these regions (routes 3 and 8, respectively). Nonetheless, in some regions, the prediction of PM1 levels with background PM2.5 levels was quite low (R 2 o0.15), with an effect size of o0.35 mg/m 3 (route 1). The variability in PM1 levels solely explained by the density of chimney was quite low in most regions. Chimney density explained B2% of the variability in PM1 in some regions known to be influenced by wood burning (routes 7 and 9) and B20% in the ''cottage area'' Saint-Sauveur (route 1). In this area, the effect size of chimney density was 0.870 mg/m 3 at some sampling points. The addition in the model, of chimney density, to the regional PM2.5 background levels, decreased the prediction error (RMSE) by B1 mg/m 3 . The addition of meteorological information and elevation data increased the prediction of PM1 levels in all regions. The percentage of the variability in PM1 levels explained was as high as 90% in some regions but remained low in others as well as overall (R 2 of B40%). In the full global model that included all the routes (model 4), higher winter temperatures and wind speed were associated with lower PM1 levels, whereas higher elevation was associated with higher PM1 levels. In some of the full models, the signs of the coefficients for elevation, wind and temperatures were opposite to those expected, because of the correlation between these predictors of PM1 levels. The use of the compound topographic index, as described by Larson et al., 2 provided similar results as the elevation variable used (see Supplementary Appendix).
Little gain was obtained in the sensitivity analyses that we performed (see Supplementary Appendix). For instance, developing our models only with measurements performed after 2100 h provided similar results, with some regional models performing better. When considering different scales for averaging chimney density (1, 2, 5 and 10 km), PM1 levels were best predicted with chimney density in 1 km 2 at sampling location. Models developed with all winds or on sampling moments when wind speed was o10 km/h also provided similar results.
Furthermore, our LUR model was not improved by the addition of population characteristics. Minimal influence on our predictions were observed with the addition of the mean income, the percent of low income, the population density and the percent of immigrants, per dissemination areas. Roads density did not explain much of the variability in PM1 levels; we found no increase in R 2 with its addition (see Supplementary  Appendix) .
The influence of the interaction between the predictors of PM1 levels was minimal (data not shown). Analyses performed with and without measurements taken with the dataRAM samplers produced similar results (see Supplementary Appendix).
When averaging the PM1 min levels to the hour, the R 2 of our models increased. However, the effect of chimney density decreased in most regions (see Supplementary Appendix) .
Finally, here we presented prediction of PM1 levels, considering the influence of chimney density. Although not presented here, we also assessed the influence of chimney density on PM2.5 levels measured with GRIMM and dataRAM samplers. The prediction of PM2.5 levels was similar to PM1 levels, but the effect of chimney density in the model with all regions was greater. Results are presented in the Supplementary Appendix.
DISCUSSION
We attempted to predict, using a LUR model, fine ambient particulate levels (PM1) in residential areas of the province of Quebec (Canada), considering wood burning emissions. Prediction results obtained pooling together all regions travelled were far from satisfactory (R 2 ¼ 0.40). However, the prediction of PM1 min levels was quite high for some routes when considered individually (R 2 40.7). The effect of chimney density, as an indicator of residential wood burning emissions, was low when all regions were considered together. However, in some regions (i.e., regions high in cottage density), the effect of chimney density was not negligible.
Despite the effect of chimney density in some regions, chimney density explained a limited part of the variability in PM1 levels measured. We found a maximum effect size of 0.87 mg/m 3 over a median PM1 value of 6.5 mg/m 3 for the cottage area in SaintSauveur (route 1), corresponding to 13%. This is in contrast with other studies that have reported higher wood burning effects (see, e.g., Ward et al. 10 and Wu et al. 11 ). Monitoring performed on winter weekend nights downtown Montreal and in one of its residential neighbourhoods where population density and wood combustion are high has also shown that PM2.5 levels can be up to 30% higher where people are burning wood.
1 Differences may be because of different wood burning intensity at the time of sampling. It is worth noting that meteorological conditions during our sampling campaign were warmer than climate normals for southern Quebec. This might have influence wood burning intensity during our sampling campaign. Variations in species of wood burnt and stove types used may also explain the differences observed, as PM emissions from wood burning differ substantially by types of wood burned and burn conditions. 12--14 Chimney density from property assessment data is likely a poor estimate of particulate emissions from residential wood burning. Survey data may be better to estimate particulate emissions from wood burning as the quantity and species of wood, the moment/ period it is burnt and the stove type used may be obtained, and not only the location of emission sources. Variations in quantity and time of wood burnt may explain the differences observed between routes for the chimney density coefficients in our models.
Our results are different than those reported by Larson et al. 2 They developed a LUR model for British Columbia to predict nighttime winter black smoke levels, an indicator of small particles, using selected spatial covariates. As with us, woodstove uses poorly predicted fine particulate levels in the study of Larson et al. 2 . The best models developed by this group included estimates of socioeconomic status; their R 2 ranged from 0.58 to 0.84. This is in contrast with our results where population characteristics had minimal influence on PM1 levels. Our models also differ with those of Larson et al., 2 given that they predicted long-term average concentrations.
Time of averaging air pollution levels is an important difference between our model and that of Larson et al. 2 We modelled min PM1 levels but also developed models averaging PM1 levels to the hour. In the hourly model, there was no effect of chimney density (see Supplementary Appendix for results). This is because of the fact that aggregating the PM1 values to 1 h decreases the variability in chimney density. As we have done mobile monitoring and travelled B30 km within 1 h, large variations in PM1 and in the predictor variable values like chimney density were encountered. This suggests that the influence of wood burning emissions on PM1 levels varies on a small scale. In order to capture this small-scale geographic variation, we thus have to predict the min PM1 level. Of course, any attempt at using our regional models for an epidemiological assessment would have to produce all min levels for a day or some hours at given locations and aggregate them, given that health data are not available at such a fine timescale.
PM2.5 regional background levels explained a large part of the variability in PM1 levels measured but differences in model fit and coefficients were observed between regions. The use of monitoring stations more proximal to our sampling points may have yielded a better fit in some regions. However, it was impossible for all our mobile monitoring points to be located in close proximity (e.g., o2 km) to a fixed-site monitoring station given the small number of monitoring stations available to represent PM2.5 ''regional background'' levels. To overcome this, and to model the small-scale geographic variation of fine particulate levels in time, considering wood burning emissions, a number of models may be combined. For example, in future work by our group, we plan to add to our LUR model, information from GEM-MACH (Global Environmental Multi-scale--Modelling Air quality and CHemistry). GEM-MACH is a comprehensive air quality model containing a full description of atmospheric chemistry and meteorological processes (http://www.weatheroffice.gc.ca/aqfm/index_e.html). It is used to forecast air quality in Canada but it does not include residential wood burning emissions. The combination of LUR and GEM-MACH models may be useful to estimate fine particulate levels in time and space in residential areas.
Information from meteorological models may also be useful to better predict the intraregional levels of fine particles. For instance, air stability may be better estimated with the difference between upper and surface meteorological information than with surface wind and temperature information. However, preliminary work from our group suggests that adding to our LUR model, information from meteorological models, to better assess the influence of air stability on PM1 levels (e.g., atmospheric mixing data), had minimal influence on our predictions in most regions (data not shown).
In attempts to increase the fit of our models, indicators of road emissions were also added to our models (i.e., km of major roads and highways in buffers around our sampling points). However, they did not explain much of the variability in PM1 levels. This may be because of the fact that mobile monitoring only took place in residential areas, away from major roads and industries during weekend nights. Although there were usually a limited number of vehicles on our sampling routes, emission from on road-vehicles is an unmeasured factor that could contribute to the low model fit in some regions (routes 1, 2, 6, 9 and 10).
Elevation of sampling points had minimal influence on PM1 levels measured. For two of the three sampling routes (routes 1, 9 and 10) where elevation was present, the association between PM1 and elevation in bivariate assessments and in the full model was negative as expected; for the third route, the relation was low and not significant (see Supplementary Appendix). This is likely because of unknown confounding variables. Furthermore, in our multivariate models, the sign of the relation was sometimes modified by the addition of the other variables, like the PM2.5 background levels. In our models, elevation may have had a minimal influence because it may not be the height of the sampling point (which we used in main analyses) that has an influence but its neighbourhood points. Higher elevation around the sampling points could trap fine particles close to the ground. However, we tested the use of a compound topographic index developed by Su et al. 15 to account for the slope of each sampling point in relation to its neighbouring cells, but no significant gains in model precision were obtained (see Supplementary Appendix).
As carried out in this study, mobile monitoring can be performed in different geographic areas to estimate the geographic variation in particulate levels. The equipment used can influence the estimation of particulate levels. DataRam samplers in our case produced some negative values when zeroing. It should be recognised that because of the instrument artefact, errors of prediction of PM1 levels associated with the use of our models are greater at lower PM1 levels.
Overall, we found that LUR models developed to predict ambient fine particulate levels in residential areas in Quebec, when considering the influence of wood burning emissions, varied by regions. Thus, the models developed cannot be generalised to Quebec regions where PM1 levels were not measured. Future work should consider using both survey data on wood burning intensity and information from numerical air quality forecast models, in LUR models, to improve the generalisation of the prediction of fine particulate levels in residential areas.
